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Abstract 
We develop herein plasmonic-catalytic Au-IrO2 nanostructures with a morphology optimized for 
efficient light harvesting and catalytic surface area; the nanoparticles have a dendritic 
morphology, with closely spaced Au branches all partially covered by an ultrathin (1 nm) IrO2 
shell. This nanoparticle architecture optimizes optical features due to the interactions of closely 
spaced plasmonic branches forming electromagnetic hot spots, and the ultra-thin IrO2 layer 
maximizes efficient use of this expensive catalyst. This concept was evaluated towards the 
enhancement of the electrocatalytic performances towards the oxygen evolution reaction (OER) 
as a model transformation. The OER can play a central role in meeting future energy demands 
but the performance of conventional electrocatalysts in this reaction is limited by the sluggish 
OER kinetics. We demonstrate an improvement of the OER performance for one of the most 
active OER catalysts, IrO2, by harvesting plasmonic effects from visible light illumination in 
multimetallic nanoparticles. We find that the OER activity for the Au-IrO2 nanodendrites can be 
improved under LSPR excitation, matching best properties reported in the literature. Our 
simulations and electrocatalytic data demonstrate that the enhancement in OER activities can be 
attributed to an electronic interaction between Au and IrO2 and to the activation of Ir-O bonds 
by LSPR excited hot holes, leading to a change in the reaction mechanism (rate-determinant step) 
under visible light illumination. 
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Introduction 
 
Plasmonic catalysis relies on harvesting the energy generated by localized surface 
plasmon resonant (LSPR) excitations in plasmonic nanoparticles to drive, accelerate, and/or 
control molecular transformations.1–6 Following LSPR excitation in plasmonic nanoparticles, non-
radiative plasmon decay can lead to the formation of LSPR-excited charge carriers.7,8 These LSPR-
excited hot electrons and holes can electronically or vibrationally excite molecular adsorbates at 
the metal-molecule interface via direct or indirect mechanisms.9,10 This can lead not only to 
improved reaction rates relative to the reaction in the absence of LSPR excitation, but also 
provide new reaction pathways for the control over reaction selectivity relative to traditional 
thermochemically-driven processes.11–15 Gold (Au) and silver (Ag) nanoparticles are amongst the 
strongest plasmonic structures, supporting LSPR excitation in the visible and near-infrared ranges 
with wavelengths that are tunable via the control of shape, size, composition and structure.16,17 
Consequently plasmonic catalysis has emerged as an attractive approach for solar to chemical 
energy conversion,1,3,18–22 with Au and Ag nanoparticles having been applied as plasmonic 
catalysts towards a variety of molecular transformations under visible-light excitation.20,23–27 
Among several important chemical transformations, the water splitting reaction to 
produce hydrogen (H2) and oxygen (O2) has attracted massive attention for energy conversion 
and storage applications.28–31 Unfortunately, this reaction is limited by significant efficiency loss 
and high overpotentials (η) as a result of the sluggish kinetics for the oxygen evolution reaction 
(OER, which represents the oxidative half-reaction).32,33 It has been established that iridium and 
ruthenium oxides (IrO2 and RuO2, respectively) are among the best OER electrocatalysts, and IrO2 
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is often used in proton exchange membrane water electrolyzers as a result of its higher durability 
relative to RuO2.34,35 However, to meet our future energy demands there is an urgent need to 
develop materials displaying improved OER electrocatalytic activites. For example, iridium and 
ruthenium are expensive so bulk oxide materials do not make the most efficient use of the 
material. Furthermore, IrO2 and RuO2, both require relatively high overpotentials and a reduction 
in the overpotential, and therefore an improvement in the energy efficiency of the OER is highly 
desirable.36,37  
In this context, we believe that the harvesting of plasmonic effects represents an 
attractive strategy for the improvement of OER performances.38–40 This approach has the 
potential to enable the use of solar light as an abundant and sustainable energy input to enhance 
OER rates. In fact, several plasmonic materials have been employed to enhance OER, hydrogen 
evolution reaction, and oxygen reduction reaction rates under light illumination.41–45 
Unfortunately one of the best OER materials, RuO2 and IrO2, do not support LSPR excitation in 
the visible or near infrared ranges.46 However, the range of materials that support LSPR excitation 
in the visible or near-infrared ranges is limited to Ag, Au, Cu, Al, and Ni.8,47–50 In order to bridge 
the gap between materials with the desired catalytic properties and LSPR materials, the synthesis 
of multimetallic nanoparticle architectures that enable one to combine catalytic and plasmonic 
components (and thus catalytic and plasmonic properties) has emerged as an effective 
approach.11,51,52 In these plasmonic-catalytic nanoparticles, the goal is to use the plasmonic metal 
to harvest energy from light excitation, so that the generated LSPR charge-carriers can be 
transferred or dissipated to the surface of the catalytic material, where it can be further utilized 
to perform plasmon-driven chemistry.8,53 
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 Inspired by this approach, we describe herein the development of a plasmonic-catalytic 
core-shell multimetallic nanostructure composed of Au and IrO2 as the plasmonic and catalytic 
components, respectively. More specifically, the synthesized Au-IrO2 plasmonic-catalytic 
nanoparticles displayed a tortuous dendritic morphology, in which several branches are closely 
spaced to each other and each branch is composed of Au partially covered by an ultrathin (1 nm) 
Ir-based shell. These features are very attractive to address the OER for a variety of reasons: i) 
IrO2 represents one of the most active species towards the OER;54,55 ii) the ultrathin and 
incomplete IrO2 shell at the surface of each branch maximizes the light harvesting by Au and the 
subsequent flow of charge carriers from Au to the Ir-based shell;56 iii) the ultrathin and 
incomplete Ir-based shell maximises the IrO2 surface area and therefore minimizes the loading 
and utilization of this expensive metal; and iv) the high curvature and plasmonic hybridization 
between the closely spaced plasmonic branches allows for the generation of a high density of 
electromagnetic hot spots, i.e., areas of high electric field enhancements at the junctions of the 
branches as a result of the LSPR excitation that can be felt by the catalytic Ir-based shells (as 
shown in Figure S1A-C).11,51 These high electric field enhancements, for instance, can decay via 
absorption (Figure 1D-F) and lead to the formation of energetic charge carriers (hot electrons 
and holes) at the IrO2, as described in antenna-reactor complex nanoparticle designs.12,51,57,58  
The success of this approach is demonstrated by the significant improvement in the OER activity 
for the multimetallic Au-IrO2 nanodendrites due to LSPR excitation with visible light. The effect 
of the light excitation wavelength in determining the OER activity supports the role of the LSPR 
excitation in this transformation. Our data demonstrates that electronic/charge transfer 
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interaction between Au and IrO2 and the activation of Ir-O bonds by the LSPR excited hot holes 
contributes to the catalysts improved performance under visible light irradiation.  
 
Results and discussion 
 
Plasmonic-catalytic nanostructures have been synthesized in which the plasmonic and 
catalytic components are in direct contact and where the two components are separated by a 
small distance (~up to 5 nm).12,51,52,59,60 Both these scenarios can allow for the acceleration of 
reaction rates and control over reaction selectivity over the surface of the catalytic metal8,11,61,62 
but the two architectures have different benefits.52  In nanoparticle designs in which plasmonic 
and catalytic components are not in direct contact, it has been demonstrated that the catalytic 
component may be exposed to regions of local electric fields induced by the LSPR excitation of 
the plasmonic metal, enhancing catalytic activity.10,12,57,63 In contrast with nanostructures where 
the catalytic and plasmonic components are in direct contact, electronic effects and charge flow 
from the plasmonic to the catalytic component occurs upon LSPR excitation.11,51,58 Inspired by 
these recent findings, we have developed nanoparticle architectures that take advantage of both 
scenarios, i.e., expose the catalytic component to regions of high electric-fields promoted by the 
neighboring plasmonic metal, as well as allowing the flow of energetic charge carriers from the 
plasmonic to the catalytic component as a result of LSPR excitation. Specifically, we find highly 
effective plasmonic-catalytic nanostructures are produced using Au as the plasmonic component, 
IrO2 as the catalytic component, and adopting a complex core-shell nanodendrite morphology.  
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The synthesis of the multimetallic Au-IrO2 nanodendrites was performed by the co-
reduction of Au and Ir precursors (AuCl4- and IrCl3•xH2O, respectively) in the presence of sodium 
citrate as both reducing agent and stabilizer.56 Figure 1A-E shows scanning electron microscope 
(SEM) images (Figure 1A), high-angle annular dark field (HAADF) scanning transmission electron 
microscope (STEM) images (Figure 1B and D), and STEM energy dispersive X-ray (EDX) elemental 
maps (Figure 1C and E) for the Au-IrO2 nanodendrites obtained by this approach. Here, the molar 
ratio between the AuCl4- and IrCl3•xH2O precursors employed during the synthesis corresponded 
to AuCl4-:IrCl3•xH2O 1:1.5. It can be observed from the SEM images (Figure 1A) that the 
nanodendrites displayed an overall spherical morphology with a highly tortuous branched 
surface structure. The nanodendrite particles have an overall average diameter corresponding to 
93.2  ± 9.0 nm and thus a monodisperse size distribution. The branched morphology is even more 
apparent in the HAADF-STEM images shown in Figure 1B and D. These images indicate that the 
dendrite branches are closely spaced and each branch has an approximately spherical cross 
section with a diameter of approximately 5 nm. HRTEM imaging confirms the nanodendrites are 
polycrystalline with all the observed lattice spacings being assigned to fcc Au (Figure S2). This is 
further confirmed by the electron diffraction pattern from an individual nanodendrite as shown 
in Figure S3.  
The STEM-EDX elemental mapping shown in Figure 1C and E indicates that the 
nanodendrite is composed of a core-shell morphology with a Au core covered by an ultrathin (1 
nm or thinner) Ir rich surface layer.  Closer inspection of the high-resolution elemental map 
(Figure 1E) demonstrates that the Ir-based ultrathin layer does not completely cover the surfaces 
of the Au branches (Figure S4 shows an additional STEM-EDX high resolution elemental map 
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where regions of exposed Au surface are highlighted). The overall nanoparticle composition from 
the STEM-EDX compositional maps in Figure 1C corresponded to Au 87 at% and Ir 13 at% which 
is in good agreement with the value obtained from flame atomic absorption spectroscopy (FAAS) 
(Au 86 at% and Ir 14 at%). 
 
Figure 1. SEM (A), HAADF-STEM (D and D) and STEM-EDX (C and E) images of Au-IrO2 
nanodendrites. The nanodendrites were obtained by co-reduction of AuCl4- and IrCl3·xH2O 
precursors in a 1:1.5 molar ratio. The Au and Ir at% in the samples corresponded to 85 and 15, 
respectively. The elemental distributions for Au and Ir are shown in red and green, respectively, 
in the STEM-EDX maps. Where both green and red signals are overlapping the colour map 
appears yellow 
 
In order to investigate the effect of the molar ratio of AuCl4- and IrCl3•xH2O precursors 
used during the synthesis on the morphological and compositional features of the nanodendrites, 
we varied the precursor molar ratios in the co-precipitation synthesis to AuCl4-:IrCl3•xH2O 1:0.25 
(previously 1:1.5). Figure 2A-E shows the SEM (Figure 2A) and HAADF-STEM (Figure 2B and D) 
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images and STEM-EDX elemental maps (Figure 2C and E) for the resulting nanodendrites. A 
similar nanodendritic morphology as described in Figure 1 is produced; nanodendrites with an 
overall spherical shape, a monodisperse size distribution, closely spaced branches, and with each 
branch comprised of Au partially covered by an ultrathin and incomplete Ir-rich shell. However, 
two important differences were detected. As expected the nanodendrites contained less Ir, with 
an elemental composition of Au 96 at% and Ir 4 at% (data extracted from the STEM-EDX  in Figure 
2C and which agrees with the values obtained from FAAS for these samples). In addition, the 
individual branches were more elongated, having a rod-like morphology, relative to the 
nanodendrites shown in Figure 1. This more-elongated, rod-like morphology for the branches 
can be also visualized by additional HAADF-STEM images and STEM-EDX elemental maps shown 
in Figure S5.  
 
Figure 2. SEM (A), HAADF-STEM (C and D) and STEM-EDX (C and E) images for Au-IrO2 
nanodendrites obtained by co-reduction of AuCl4- and IrCl3·xH2O precursors in a 1:0.25 molar 
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ratio. The Au and Ir at% in the samples corresponded to 96 and 4, respectively. The elemental 
distributions for Au and Ir are shown in red and green, respectively, in the STEM-EDX maps. 
Where both green and red signals are overlapping the colour map appears yellow. 
 
The XRD diffractograms obtained for the nanodendrites prepared employing AuCl4-
:IrCl3•xH2O 1:1.5 and 1:0.25 molar ratios are shown in Figure 3A (red and black traces, 
respectively). The results agree with the compositional and morphological variations in the 
samples. With the decrease in the IrCl3•xH2O precursor content employed in the synthesis, a 
decrease in the Ir content led to an increase in the intensity of the reflections assigned to fcc Au. 
Moreover, the XRD peaks from the fcc Au became less broad, consistent with the increased 
length of the dendrite branches observed by STEM, which will increase the size of the Au 
crystallites. No peaks assigned to Ir or IrO2 phases could be detected in the samples, which is not 
unexpected given the ultrathin thickness of the Ir-based surface layer. Moreover, no XRD peaks 
at all were detected for a control sample prepared under identical conditions but in the absence 
of AuCl4-  precursor (blue trace).  
Figure 3B depicts the UV-VIS extinction spectra recorded from aqueous suspensions 
containing the nanodendrites. It can be observed that both samples prepared employing AuCl4-
:IrCl3•xH2O 1:1.5 and 1:0.25 molar ratios (red and black traces, respectively) displayed an 
extinction peak in the visible-range centered at 576 nm. A decrease in the extinction intensity for 
the sample with higher Ir content (AuCl4-:IrCl3•xH2O 1:1.5) was observed. This agrees with the 
fact that the larger Ir concentration in the samples prepared employing AuCl4-:IrCl3•xH2O 1:1.5  
can lead to a stronger suppression of the LSPR excitation (absorption and scattering) from the 
plasmonic (Au) component relative to the sample prepared employing AuCl4-:IrCl3•xH2O 1:0.25 
molar ratios (lower Ir content).64 Au NPs (obtained in the absence of IrCl3•xH2O precursor) 
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displayed the characteristic LSPR dipolar band at 527 nm (Figure S6A),16 while IrO2 obtained in 
the absence of  AuCl4-  precursor displayed no bands in the visible region (Figure S6B). 
 
Figure 3. XRD diffractograms (A) and UV-VIS extinction spectra (B) recorded for Au-IrO2 
nanodendrites obtained by co-reduction of AuCl4- and IrCl3·xH2O as precursors in a 1:1.5 (red 
trace) 1:0.25 (black trace) molar ratios. (C) and (D) show the deconvoluted X-ray photoelectron 
spectra (XPS) of the Au 4f (C) and Ir 4f (D) core levels for the Au-IrO2 nanodendrites obtained by 
co-reduction of  AuCl4- and IrCl3·xH2O as precursors in a 1:1.5 (top trace) and 1:0.25 (bottom 
trace) molar ratios.   
 
To study the surface composition, we also characterized the samples by XPS. Figures 3C 
and D depict the photoemission spectra in the Au 4f (Figure 3C) and Ir 4f (Figure 3D) core level 
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regions for the nanodendrites prepared employing AuCl4-:IrCl3•xH2O 1:1.5 (top trace) and 1:0.25 
(bottom trace) molar ratios. A summary of the binding energy (BE) values and calculated surface 
composition is shown in Table 1. The Au 4f region showed two intense photoelectron peaks with 
maxima at BE of 84 and 88 eV, ascribed to Au 4f7/2 and Au 4f5/2, respectively. These values are 
consistent with the presence of Au species in the metallic state. 65 However, a slight negative 
shift from 88.4 and 84.7 eV to 88.2 and 84.5 eV in the samples prepared under AuCl4-:IrCl3•xH2O 
1:0.25 and 1:1.5  molar ratios, respectively, was observed. These variations can be ascribed to 
intrinsic charge transfer between IrO2 and Au, which was more pronounced when the amount of 
IrO2  in the material was higher (1:1.5 sample). In the Ir 4f core level region, the XPS spectra 
displayed two photoelectron emission peaks at binding energies of around 62 and 65 eV (Figure 
3D, Table 1), corresponding to the Ir 4f7/2 and 4f5/2 states, respectively. The peak position and the 
asymmetry of the peaks evidences the presence of oxidized Ir species (Ir4+) consistent with the 
formation of IrO2 since the BE values reported for metallic Ir and IrO2 standards are 61.1/64.1 eV 
and 62.7/65.7 eV, respectively.66,67 The detected shifts in the Ir peak position in the two samples 
were very small, and both values are close to what is observed in IrO2 materials.66,67 This is 
important since STEM-EDS elemental mapping could not confirm whether the Ir was present as 
metallic Ir or IrO2 due to oxygen signal being overwhelmed by the presence of oxygen containing 
surface adsorbates. Finally, the surface composition estimated from the XPS spectra and Ir/Au 
ratio (Table 1) revealed an increase in the Ir content at the surface as the amount IrCl3•xH2O 
precursor relative to AuCl4- was increased during the synthesis. The Ir contents in Table 1 are both 
higher than the from STEM-EDX and FAAS, further demonstrating that the Ir exists as a surface 
layer. 
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Table 1: Binding energies (eV) values and surface composition measured by XPS. 
Au-IrO2 / AuCl4-:IrCl3•xH2O  
molar ratios 
Au 4f (eV) Ir 4f (eV) Surface composition 
4f5/2 4f7/2 4f5/2 4f7/2 Au(%)	 Ir(%)	 Ir/Au 
1:0.25 88.4 84.7 65.4 62.4 92.0 8.0 0.09 
1:1.5 88.2 84.5 65.2 62.3 80.5 19.5 0.24 
 
In the synthesis of the nanodendrites shown in Figures 1 and 2, the Au and Ir precursors 
are firstly mixed at room temperature, which is accompanied by a change in the color of the 
solution from to green to blue. This change in color indicates the reduction of AuCl4- species to 
AuCl2- by IrCl63- (leading to the formation of Ir4+ species).56 In this case, we postulate that, as AuCl2- 
has a higher standard reduction potential relative to AuCl4-, this species is mainly responsible for 
the formation of the Au nuclei during the synthesis. Then, as further Au and Ir are produced from 
the reduction of precursors (co-reduction), growth takes place by precursor addition at the 
surface of the pre-formed nuclei/seeds as well as by oriented attachment in the presence of 
citrate, which produces the nanodendrite morphology. It is important to note that the oriented 
attachment mechanism has been reported during the formation of Au nanostructures in the 
presence of citrate, and has been recently been confirmed by liquid cell TEM studies.68,69 
We performed a series of experiments in order to confirm this proposed mechanism. We 
started by monitoring the optical properties of the precursor solutions before and after they are 
mixed at room temperature. Figure S7A shows the absorption spectra for the AuCl4- and 
IrCl3•xH2O precursor solutions (red and blue traces, respectively). While AuCl4- has an absorption 
band at 310 nm, only an intense signal below 290 nm was detected for the IrCl3•xH2O solution. 
Therefore, we employed the band at 310 nm to monitor the AuCl4- reduction when the AuCl4- 
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and IrCl3•xH2O precursors were mixed. Figures S7B and C show the UV-VIS spectra for the 
mixtures of the precursor solutions in the AuCl4-:IrCl3•xH2O 1:1.5 and 1:0.25 molar ratios, 
respectively (which corresponded to the synthesis conditions described in Figure 1 and 2). In each 
case, the UV-VIS spectra were recorded at 5 s intervals following the mixture of the precursors. 
It can be observed that, in both cases, as the precursors were mixed, a gradual disappearance of 
the band assigned to AuCl4- was detected. This agrees with the AuCl4- being reduced to AuCl2-.70,71 
No LSPR peaks assigned to Au nanoparticles were observed, indicating that no further reduction 
to Au0 takes place simply by mixing the precursors. Interestingly, under otherwise identical 
conditions, the AuCl4- reduction kinetics were strongly dependent on the amount of IrCl3•xH2O 
precursor employed during the synthesis. The AuCl4- reduction was much faster with a higher 
IrCl3•xH2O content and we postulate that this increased reduction kinetics favored in an increase 
in the number of Au nuclei, and hence a reduction in the overall size of the nanodendrites. In 
support of this hypothesis, we found it was possible to fine tune the size of the nanodendrites by 
controlling the AuCl4-:IrCl3•xH2O molar ratio during synthesis. Experiments employing AuCl4-
:IrCl3•xH2O molar ratios of 1:1.25, 1:1, 1:0.75, and 1:0.5 led to nanodendrites having diameters 
of 98, 100, 115, and 130 nm, respectively (Figure S8). 
We also studied the kinetics of the reaction by studying the nanodentrites formed at 
different time intervals following the addition of the solution containing the mixture of Ir and Au 
precursors to the boiling citrate solution. This was performed by removing aliquots from the 
reaction mixture, immersing in an ice bath, and isolating/washing the nanostructures by 
successive rounds of centrifugation and removal of the supernatant. SEM images for the Au-IrO2 
nanodendrites extracted from the reaction mixture after 15 s, 1 min, 5 min, 10 min, and 20 min 
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are shown in Figure S9. The dendritic morphology can already be observed in the products 
obtained after 15 s of synthesis. Moreover, the SEM images show that the nanodendrites 
gradually increase in size as a function of time, which agrees with a mechanism based on oriented 
attachment.72 It is important to note that the nanodendrite morphology was not observed when 
the synthesis was performed in the presence of only AuCl4- or IrCl3•xH2O precursors (Figure S10). 
In this case, spherical Au particles or irregular Ir-based materials were obtained. This result 
indicates that the presence of both precursors is required for formation of the nanodendritic 
morphology, in agreement with the proposed mechanism based on the formation of AuCl2-, by 
IrCl3•xH2O, which then reduces to Au nuclei during synthesis.  
 It is also interesting to investigate how the choice of citrate as a stabilizer affects the 
nanodendrite morphology. Oriented attachment in Au nanocrystals stabilized by citrate is 
reported to occur with attachment observed preferentially for {111} orientations68,69   Images of 
the products obtained under similar conditions but replacing citrate by PVP, hydroquinone, 
ascorbic acid, or borohydride led to the formation of irregular particles (Figure S11). This 
indicates that citrate, in addition to being a reducing and capping agent, is also an essential 
component for formation of the nanodentrite morphology, playing a key role in the aggregation 
and oriented attachment processes.  
To better understand the how the nanodendrite morphology can affect the plasmonic 
properties of the Au we have performed simulations for the electric field distribution and the 
extinction, absorption, and scattering spectra in the 400-700 nm range using the discrete dipole 
approximation (DDA) method. Our DDA simulations show that the regions between individual Au 
branches (modelled as a dimer or close packing of spherical Au NPs) can display much higher 
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electric field enhancement as well higher extinction and absorption efficiencies relative to 
isolated particles (Figure S1). 
Finally, the Au-IrO2 nanodendrites were employed as model systems to investigate how 
plasmonic effects in Au can be harnessed towards the enhancement of the electrocatalytic 
activity of IrO2 towards the OER. The plasmonic effects over electrocatalytic performance were 
studied in O2-saturated 0.1 M KOH electrolyte at room temperature via a typical three-electrode 
system at a scan rate of 10 mVs−1 at 532 nm irradiation (200 mW). Figure 4A shows linear sweep 
voltammetry (LSV) tests for the nanodendrites obtained with 1:1.5 and 1:0.25 AuCl4-:IrCl3•xH2O 
molar ratios in the presence of light excitation (solid lines) and in the absence of light (dashed 
lines) (CVs are shown in Figure S12). The measured current for the bare glassy carbon electrode 
is also shown for comparison (black trace). It can be observed that the Au-IrO2 1:1.5 sample 
displayed higher current densities and an earlier onset potential relative to Au-IrO2 1:0.25, which 
can be ascribed to its superior OER activity associated with the higher Ir loading in this material. 
Importantly, when irradiated at 532 nm, the OER is accelerated in both samples. Here, a 
significant decrease in onset potential and increase in the detected current densities was 
detected under visible light illumination, assigned to the plasmonic enhancement of the OER.40 
Specifically, the detected potentials required to achieve a current density of 10 mA cm-2, which 
represent an important metric in the solar synthesis of fuels, decreased from 0.72 to 0.69 for the 
Au-IrO2 1:1.5 sample under visible light illumination. For Au-IrO2 1:0.25, a decrease from 0.85 to 
0.78 V took place. Considering the EOER value of 0.404 V in alkaline solution, the calculated 
overpotential at 10 mA cm-2 for Au-IrO2 1:1.5 and Au-IrO2 1:0.25 samples corresponded to 286 
and 376 mV, respectively. Table 2 summarises the reported record values of overpotential for 
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IrO2 and RuO2 electrocatalysts, which are typically in the 300-400 mV range. Therefore, an over 
potential of just 286 mV for the plasmonically assisted OER activity in the Au-IrO2 1:1.5 molar 
ratio represents a  record value for IrO2 electrocatalysts which matches the most active reported 
electrocatalysts.32, 40, 56, 73, 74, 75, 76, 77, 78  
In order to provide more insights into the effect of LSPR excitation on the kinetics of the 
OER, an analysis of the Tafel slope was performed. As seen from Figure 4B, the Au-IrO2 1:1.5 
sample exhibited a Tafel slope of 120 mV dec-1 in the dark (dashed red line). Upon plasmonic 
excitation, this value is sharply decreased to 76 mV dec-1 (solid red line), clearly showing that the 
kinetics of water oxidation are accelerated by visible light excitation.79 For the Au-IrO2 1:0.25 
sample, a similar decrease in the Tafel slope value from 130 to 100 mV dec-1 was detected upon 
visible light illumination (dashed and solid blue lines, respectively).  
In order to demonstrate the effect of the LSPR excitation over the electrocatalytic activity, 
we also collected the I-t curve at 0.65 V (vs Ag/AgCl) for Au-IrO2 1:1.5 (Figure 4C) and Au-IrO2 
1:0.25 (Figure 4D) samples under chopped light illumination for 3 different excitation 
wavelengths: 405 (blue trace), 523 (green trace), and 638 nm (red trace). From Figures 4C and D 
it can be seen that the Au-IrO2 samples displayed fast and reproducible current responses to on-
off illumination cycles. Moreover, the current densities were clearly wavelength dependent, 
being greatest for 532 nm excitation, followed by 405 and 638 nm. Therefore, the current density 
enhancement over light illumination matched the extinction spectra of the Au-IrO2 
nanodendrites, being strongest when the overlap between the excitation wavelength and the 
position of the LSPR band was the highest. Figure 4C and D also indicate that there was a decrease 
in the detected currents as a function of testing time under light irradiation. This behavior 
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indicates loss of OER performance (Figure S13), indicating that stability of the Au-IrO2 
nanostructures needs further optimizations. 
 
Figure 4. Electrochemical performances of the Au-IrO2 materials measured in a 0.1 M KOH 
electrolyte with and without SPR excitation. OER linear scanning voltammetries recorded at a 
scan rate = 10 mVs-1 (A) and Tafel plots (B) for the Au-IrO2 nanodendrites obtained by co-
reduction employing AuCl4- and IrCl3·xH20 as precursors in a 1:1.5 (red trace) 1:0.25 (blue trace) 
molar ratios with light excitation at 532 nm (solid line) and without light excitation (dashed line) 
. The dotted horizontal line in (A) indicates a 10 mAcm-1 current. The measured current for the 
bare glassy carbon electrode is also shown for comparison (black trace).  (C) and (D) show the 
light wavelength I−t curves recorded at 0.65 V (vs Ag/AgCl) with light irradiation on/off for Au-
IrO2 nanodendrites obtained by co-reduction employing AuCl4- and IrCl3·xH20 as precursors in a 
1:1.5 (C) 1:0.25 (D) molar ratios under 405 (blue trace), 532 (green trace), and 638 nm (red trace) 
excitation. All the experiments were performed at room temperature. 
 
 
 
 
A B
C D
Light on
Light off
Light off
Light on
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Table 2. Comparison on the OER Activity, expressed by the values for the overpotential (η) at j = 
10 mAcm−2 for various catalysts (plasmonic and nonplasmonic). 
Catalyst η at j = 10 mA cm−2 (mV) Ref 
Au-IrO2 1:1.5 (light) 286 This work 
Au-IrO2 1:1.5 (dark) 326 This work 
Au-IrO2 1:0.25 (light) 376 This work 
Au-IrO2 1:0.25 (dark) 446 This work 
IrOx/Au 370 80 
IrOx[0.05]-Au nanoflowers 481 56 
IrO2 330 73 
RuO2 305 74 
Au (light) 455 40 
Au (dark) 573 40 
CoFe2O4 370 75 
CaFeO3 390 76 
g-Ni0.87Fe0.13OOH 390 32 
NiFe DH 290 77 
Ni(OH)2−Au (light) 270 40 
Ni(OH)2−Au (dark) 330 40 
AuNP@Co/Ni-MOF 330 78 
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It is recognized that the electrocatalyzed OER is a heterogeneous reaction comprising 
multiple elementary steps involving four electron transfer processes (multiple reaction channels) 
and generating several intermediates, such as OH*, O* and OOH*.32 Most of the proposed 
mechanisms include the formation of intermediates such as MOH and MO.79,81,82 Under basic 
conditions, the mechanism proceeds as described in Equations 1-5.32,79,81–83 In these processes, 
the bonding interactions (M–O) within the intermediates (MOH, MO and MOOH) are crucial for 
the overall electrocatalytic process.32,79,81–83 
M + OH- → MOH + e- Eq. 1 
MOH + OH- → MO + H2O(l) + e- Eq. 2 
MO + OH- → MOOH + e- Eq. 3 
MOOH + OH- → MOO + H2O(l) + e- Eq. 4 
MOO → M + O2(g) Eq. 5 
We performed DFT calculations in order to understand the reason that LSPR excitation 
produces increased OER activities for our photocatalytic materials. We calculated the binding 
energies and electronic structure of the O* and OH* intermediates for two slab models: i) two 
IrO2 (110) layers (Figure S14), the thickness of which is ~ 1 nm, matching the experimental 
observation (Figure 1) and ii) two IrO2 (110) layers supported on three Au (111) layers to simulate 
the Au-IrO2 material.  Figure 5A shows the two IrO2 (110) layers supported on three Au (111) 
layers employed in our model and Figure 5B shows the O species adsorbed at the IrO2 surface. 
The calculated O* and OH* binding energies at the IrO2 and IrO2/Au surfaces are shown in Figure 
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5C. We find that adsorption of both the O* and OH* is enhanced on the IrO2/Au surfaces relative 
to clean IrO2 surface. Note it has been recently demonstrated that the ∆G(O*)-∆G(OH*) can be 
employed as a descriptor of OER activity, in which a volcano plot relationship between ∆G(O*)-
∆G(OH*) values and OER activity has been established.84,85 Our DFT calculations showed that 
∆G(O*)-∆G(OH*) for IrO2/Au was higher than for IrO2; 1.30 and 1.19 eV for IrO2/Au and IrO2 
respectively (Figure 5C). The increase in the value of ∆G(O*)-∆G(OH*) brings it  closer to the 
maximum of the volcano plot, indicating that the OER activity for Au-IrO2 should be higher than 
it on IrO2.85  
Figure 5D shows the calculated projected density of states (DOS) for O* and OH* 
adsorbed on Au-IrO2 (Figure S15 shows the calculated DOS for O* and OH* adsorbed on IrO2 for 
comparison). It was found that the states between -2.33 eV (corresponding to the photon 
wavelength of 532 nm used in the experiments) and the Fermi level are more pronounced than 
the states above the Fermi level. This high population of states below the Fermi level may indicate 
a more pronounced mechanism based on the effect of the hot holes generated under LSPR 
excitation towards the enhanced OER activities.86,87 In Figure 5E, the charge density analysis of 
an energy range from -2.33 to the Fermi level for O* and OH* on IrO2/Au shows the presence of 
more states on *O, which agrees with the DOS plot (Figure 5D). Based on these results, we 
propose that when hot holes are LSPR-excited in the Au NPs and then transferred to O* (or the 
Ir-O antibonding state), the charge lowers the binding energy of O* increasing the value of 
∆G(O*), and thus increases the OER activity. It is plausible that the hot holes may also lower the 
binding energy of OH*.  However, because OH* has much less available states to populate the 
holes (Figure 5D), this weakening of the binding energy of OH* is much less than the O* binding, 
 21 
which overall makes ∆G(O*)-∆G(OH*) more positive under LSPR excitation, further shifting this 
value closer towards the maximum point in the volcano plot between ∆G(O*)-∆G(OH*) and the 
OER activity.85  
 
Figure 5. (A) The slab models employed in the DFT calculations consisting of two IrO2 (110) on 
three Au (111) layers. (B) Calculated atomic structure of the O species adsorbed on the IrO2 (110) 
surface in the Au-IrO2 hybrid structure. (C) Calculated binding energies of O* and OH* species 
and DG(O*)-DG(OH*) values on Au-IrO2 and the pure IrO2 slab models. When Au is present as the 
support for IrO2, the DG(O*)-DG(OH*) values (1.30 vs 1.19 eV) is closer to the optimal point on 
the volcano plot for maximizing the OER activity. (D) Projected density of states of O and OH 
adsorbed on Au-IrO2. (E) Charge density analysis of energy range (-2.33,0 eV) for O* and OH* on 
Au-IrO2, showing more occupied states on O*. 
 
Our DFT calculations agree with the experimentally observed decrease in the Tafel slopes 
under visible light illumination, which indicated that the OER kinetics of the Au-IrO2 
nanodendrites can be facilitated by LSPR excitation, in which hot holes can be generated at the 
Au NPs and flow to the IrO2 surface, where enhance the OER process. As the Tafel slopes depend 
on the strength of adsorption of the intermediate species, this would support our proposed 
species
O*
OH*
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IrO2/AuIrO2(110)
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mechanism in which hot holes can activate the M-O* bond at the surface during the OER, 
lowering its binding energy, which leads to a change in the rate limiting step.32,35,79,81,82 It has 
been reported that the OER reaction mechanism and rate-determining step cannot be 
unambiguously assigned simply according to the measured Tafel slope because surface 
intermediates, coverage, reaction pathways, and rate-determining steps may depend on the 
potential.32,35,79,81,82 Nevertheless, it has been proposed that if the first-electron transfer 
represents the rate-determining step, the corresponding Tafel slope should correspond to 120 
mVdec-1. If the rate-determining step is the chemical reaction following a one-electron transfer 
process, the Tafel slope becomes 60 mVdec-1.32,35,79,81,82 One example is a process in which an OH 
surface species is rearranged via a surface reaction, as described in Eq. 4.Therefore, our 
experimentally observed change in the Tafel slope from 120 to 76 mVdec-1 in the Au-IrO2 material 
as a result of visible light illumination may indicate that the OER mechanism and thus the rate 
determining step is changing from the first electron transfer reaction (Eq. 1) to the chemical 
reaction (Eq. 4).  
It is important to note that, although we focused herein on the OER activities in alkaline 
conditions, we believe that the established the design principles can also be applied for 
developing plasmonic-catalytic electrocatalysts for the OER in neutral and acidic media. Though 
the adsorption energies of O and OH were found to shift to more positive energies with lower 
pH, it has been observed that the free energy shifts for OH* and O* preserves the universal 
scaling relation between free energy difference of O* and OH* with OER activity.88 
 Also, the transfer of energy from the LSPR excitation to the reactant for the acceleration 
of the OER can occur via LSPR generated hot charges or an electronic excitation.8 This process 
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does not require charge extraction from the metal, being able to take place by a transient 
electronic exchange between the metal and reactant. This leads to the formation of transient 
adsorbate can induce chemical transformations or add vibrational energy to the reactant 
facilitating the reaction.8 In the case of charge extraction from the metal, LSPR excited hot 
electrons be transferred to the external circuit or to electron accepting adsorbates.89 In addition, 
the electric field enhancements at the surface of the Au-IrO2 nanostructures can play an 
important role in the activation of Ir-O bonds in the case of a direct transfer based on electronic 
excitation of metal-molecule interfacial states and as their energy can be dissipated through the 
nonradiative excitation of energetic charge carriers.58,90 Finally, temperature effects (localized 
heating following LSPR decay ) may also play a role (together with LSPR hot carriers) over the OER 
activity enhancements. While the enhancement of electrocatalytic activity can originate from 
both photothermal effects and LSPR-generated charge carriers, previous results have shown that 
photothermally induced temperature rise does not fully account for the enhanced 
electrocatalytic activity, and that non-thermal effect play a significant role. 89 
 
Conclusion 
  
 We have developed multimetallic Au-IrO2 plasmonic-catalytic nanoparticles and 
successfully demonstrated enhancement of the OER activity of IrO2 via plasmonic catalysis under 
visible light illumination. The Au-IrO2 plasmonic-catalytic nanoparticles we synthesized were 
tunable for a range of sizes and compositions but all comprised of a core-shell Au-IrO2 dendritic 
nanoparticle morphology with closely spaced Au dendrite branches partially covered by an 
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ultrathin (1 nm) IrO2 shell. These morphological and compositional features meet important 
design principles towards the optimization of OER activities and allow us to expand our 
understanding of enhancement mechanisms due to coupling with surface plasmon effects. The 
ultrathin and incomplete IrO2 shell at the surface of each branch enabled one to maximize the 
light harvesting by Au, and the plasmonic hybridization between the closely spaced plasmonic 
branches allow for the generation of electromagnetic hot spots to enhance light interactions. The 
OER activities we measured were wavelength dependent, being maximized at wavelengths that 
matched the LSPR energies, with the best values equaling the most active catalysts reported for 
OER. Furthermore, our calculations suggest that light generated hot holes play a dominant role 
in the mechanism of plasmonic enhancement. These LSPR excited holes could be transferred to 
Ir-O antibonding states, lowering the binding energy and accelerating the reaction. This was 
further confirmed by Tafel plot analysis, which suggested a change in the reaction mechanism 
(rate-determinant step) under LSPR excitation. We believe the results reported herein shed novel 
insights into the design principles required to develop plasmonic-catalytic nanoparticles capable 
of optimizing activities and also enable further mechanistic understanding over enhancement 
mechanisms that dictate plasmon-driven chemistry.  
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